Ras p21 signaling is involved in multiple aspects of
indistinguishable [4]
. We show that Ki-and Ha-Ras crease in ROS levels was unexpected, because Ha-Ras genes differently regulate the redox state of the cell. has been reported to stimulate ROS production [3, 7] . polybasic stretch at the COOH terminus of Ki-Ras Figure 1 indicates that thyroid cells express predomicompletely abolishes the activation of Mn-SOD, nantly Ki-Ras. Taken together, these data suggest that although it does not inhibit ERK1/2-induced the inhibition of cellular Ki-Ras increases the levels of transcription. In contrast, an alanine substitution of endogenous ROS and reduces the tolerance of the cells the cysteine of the CAAX box has very little effect to oxidative stress.
Ha-Ras-expressing cells produce high levels of
on Mn-SOD activity but eliminates ERK1/2-dependent transcription.
To directly test the hypothesis that Ki-and Ha-Ras regu- of the tagged Ras proteins was comparable in the experiments Ha-Ras primers were amplified in the same reaction [21] .
presented. (g) and (h) represent the time course of stress-induced (e) The time course of basal and stress-induced ROS production in ROS production in cells transfected with Ki-Ras/GFP and Ha-Ras/ NIH 3T3 fibroblasts transiently transfected with Ki-Ras/GFP or GFP, (g and h, respectively) alone or with expression vectors Ha-Ras/GFP and pCMV-lacZ. Control cells were transfected with encoding Ras-H17 or L61S186 [22] . GFP-IRES plasmid and pCMV-lacZ. ROS levels were normalized for ␤-galactosidase activity. Values are means Ϯ standard errors effects of specific ERK1/2 or PI3K inhibitors on basal and stress-induced ROS levels in COS7 cells; these cells, as thyroid cells, predominantly express Ki-Ras isoform (data not shown). COS7 cells, treated with PD98059, a specific MEK inhibitor, increased basal and stress-induced ROS. Under the same conditions, LY294002, a specific PI3K inhibitor, did not modify basal or stress-induced ROS, although PI3K signaling was efficiently inhibited (Figure  3a) . Similarly, the induction of Mn-SOD by Ki-Ras was completely suppressed by PD98059 in transient or stable transfectants (Figures 3b,c) . Also, exogenous Mn-SOD activity was downregulated by PD98059, confirming a posttranscriptional effect of ERK1/2 signaling on the enzyme activity (Figure 3b ). Under the same conditions, inhibition of ERK1/2 signaling in Ha-Ras-expressing cells reduced ROS levels and increased tolerance of oxidative stress (G. Cuda et al., submitted).
Ki-and Ha-Ras are localized on the inner face of the plasma membrane by their C-terminal S-farnesylcysteine [11, 12] . The amino acid sequences of Ki-and Ha-Ras are very similar, with the only exception being in the 20 residues at the COOH termini. This portion contains the classical farnesylation box (CAAX) and a Ki-Ras-specific polybasic stretch of seven lysines. To dissect and map the residues that are required for stimulation of Mn-SOD in this portion of the protein, we mutagenized four lysine residues of the polybasic region to glutamic acid (lys Ϫ ), or the cysteine of the CAAX box to alanine (cys Ϫ ), or both (lys Ϫ ; cys Ϫ ). These mutants were expressed in COS7 cells, and the effects on Mn-SOD activity were determined. Figure 3d shows that Mn-SOD activity was markedly stimulated by wild-type Ki-Ras and by the cys Ϫ Ki-Ras, although this mutant was less efficient than the wild-type gene. Conversely, the lys Ϫ and lys Ϫ ; cys Ϫ Ki mutants were unable to stimulate Mn-SOD. On the other hand, ERK1/2-stimulated transcription was also affected by these Ki-Ras mutants. Figure 3e shows that the cysteine mutant (cys Ϫ ) did not stimulate ERK1/2-dependent transcription, while the lysine mutant (lys [23] shown). when both signals are present, SOD activity and ERK1/2-(lys Ϫ ), resembles Ha-Ras since it does not contain the specific Ki-Ras domain but retains the common CAAX induced trascription are maximally stimulated.
motif. This mutant binds endomembranes efficiently, but poorly binds the plasma membrane ( [13] ; data not shown). Our data indicate that Ha-and Ki-Ras differently regulate
On the other hand, this mutant induces ERK1/2 transcripintracellular ROS levels; Ha-Ras increases ROS levels, tion, but it is not able to stimulate Mn-SOD or increase and Ki-Ras decreases ROS levels by acting via ERK1/2 ROS levels as does Ha-Ras (Figure 3d ). Ki-Ras is a better on different intracellular targets. Ha-Ras stimulates the stimulator of ERK1/2 signaling since it recruits Raf 1 to NADPH-oxidase system through Rac [3] and an ERK1/2-the plasma membrane more efficiently than Ha-Ras [14] . dependent pathway. Ki-stimulated Mn-SOD and reduced This ability is dependent on the length of the COOH ROS levels are linked since short-term treatment with terminus because the deletion of six residues from the the SOD mimetics replicates Ki-Ras effects, i.e., de-COOH tail converts Ha-Ras from a weak to a potent and creased ROS, high reduced-glutathione, and resistance to sustained stimulator of ERK1/2 [14] . We suggest that H 2 0 2 -induced apoptosis (data not shown).
Ha-Ras activates ERK1/2 locally and recruits NADPHoxidase to the membrane, whereas membrane-bound KiThe ability of Ki-Ras to stimulate mitochondrial SOD is Ras is a potent and long-range stimulator of ERK1/2, dependent on the presence of the seven contiguous lywhich accumulates efficiently into the nucleus and stimusines at the COOH terminus. This region, traditionally lates transcription. considered to be a second signal for membrane anchoring, recently has been shown to be required for Ras trafficking [13] . The Ki-Ras mutant in the lysine polybasic stretch
The cysteine at the extreme COOH terminus of Ki-Ras is versely, in cells with a low Ki/Ha-Ras ratio, the production of ROS is dominant over the disposal, and the cells become extremely sensitive to oxidative stress.
The regulation of ROS levels might be more general and conserved among the RAS genes in eukaryotes. In yeast, deletion of RAS1 or overexpression of RAS2 results in longevity. This phenotype is not dependent on cAMP signaling [17] . In Saccharomyces cerevisiae, IRA2, an attenuator of RAS1 and RAS2, regulates cytochrome content, respiration, and ATP synthesis [18] .
In conclusion, these data link Ras activity to the redox state of the cell, provide an explanation for the diverse biological activity of Ha-and Ki-Ras genes [19, 20] , and indicate a novel function of the Ki-Ras gene, which might assemble and target signaling cascades to the primary 
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